POU transcription factor Zebrafish A B S T R A C T Zebrafish pou2, which encodes a class V POU transcription factor considered to be an orthologue of mouse Oct-3/4, has been implicated by mutant analysis in dorsoventral (DV) patterning, gastrulation, and endoderm formation in early embryos and later in the regionalization of the neural plate. A series of gain-of-function experiments were conducted in the present study to directly reveal the roles pou2 plays in embryogenesis. We first revealed that injecting low-dose wild-type pou2 mRNA ventralizes embryos. Similar overexpression of activated (vp-) pou2 resulted in the same effects, whereas repressive (en-) pou2 caused dorsalization, supporting the previously proposed idea that pou2 is involved in DV patterning and that pou2 is a transcriptional activator. In contrast, high-dose mRNA for pou2 and its modified genes affected convergent extension (CE) movement. We observed similar activities for mouse Oct-3/4, suggesting conservation of the roles of this POU family in vertebrate development. To determine the critical stage for the functions of pou2 in embryos, we established a transgenic (Tg) fish line harboring en-pou2 under regulation of a heat-shock promoter (HEP) and found that the exposure of HEP Tg embryos to heat shock at the midblastula (sphere) stage dorsalized embryos, whereas induction of HEP at the late blastula stage (30-50% epiboly) affected CE movement. The defects due to HEP induction were rescued by introducing wild-type pou2 mRNA before the heat treatments. Collectively, these data demonstrated that pou2 regulates DV patterning and CE movement in zebrafish embryos at the midblastula and late blastula stages, respectively. Ó 2012 Elsevier Ireland Ltd. All rights reserved.
Introduction
POU transcription factors, known to regulate various aspects of animal development, are characterized by the POU domain, which is composed of a POU-specific domain and a POU homeodomain (Ryan and Rosenfeld, 1997) . Sequence comparison classified this family of transcription factors into six classes (I-VI). Oct-3/4, a class V factor in mice (also called Pou5f1), was identified in early embryos and embryonal carcinoma cells as a protein that associates with the octamer 0925-4773/$ -see front matter Ó 2012 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2012.07.007 sequence (Okamoto et al., 1990; Schö ler et al., 1990) , the typical binding sequence of the POU factors. It was later shown to be required for maintenance of the undifferentiated and pluripotent state in embryonic stem (ES) cells and early embryonic cells (Niwa, 2007) . Oct-3/4 was also implicated in the segregation of trophoblast cells from inner cell mass cells in blastocysts (Niwa et al., 2005) , and the differentiation/maintenance of primordial germ cells (PGCs) . Recently, Oct-3/4 was shown to promote the formation of ES-like cells (induced pluripotent stem cells, iPS cells), together with several additional regulator genes, from various somatic cells (Yamanaka, 2008) .
Pou5f1-type Class V POU genes were subsequently identified in different nonmammalian vertebrate species. In zebrafish, pou2/pou5f1 was identified as a homologue of Oct-3/4 (Takeda et al., 1994) , and the synteny relationship further suggested that pou2 and Oct-3/4 are indeed orthologous (Belting et al., 2001; Burgess et al., 2002) . During development, pou2 is expressed maternally throughout embryos at early stages, followed by zygotic expression, which is rapidly restricted to the midbrain and hindbrain in gastrulae and then confined to the caudal tip throughout somitogenesis (Hauptmann and Gerster, 1995; Takeda et al., 1994) . Xenopus and chickens also possess Pou5f1-type genes (Oct25/60/91 and cPouV, respectively), which share similar expression patterns with zebrafish pou2 during development. Xenopus Oct60 is expressed broadly as a maternal message in early embryos, whereas the other two Pou5f1-type genes from Xenopus (Oct25/91) are expressed transiently in the anterior neural plate, then in the caudal end of the neural tube (Morrison and Brickman, 2006) . Thus, the combined expression patterns of the three Xenopus genes are similar to that of zebrafish pou2. cPouV is expressed broadly in early chicken embryos and later expressed in the mesoderm and the midbrain-hindbrain region of the neural plate/tube, as well as in PGCs (Lavial et al., 2007) . Note that Oct-3/4 is also expressed in the neuroectoderm of early mouse embryos ).
An early analysis of the molecular evolution of class V POU genes in vertebrates suggested that Oct-3/4 diverged from pou2-like pou5f1 genes by a duplication event that occurred only in early mammalian ancestors (Niwa et al., 2008) . However, the argument was later made that these pou5f1-type genes were derived from pou2 in early vertebrate ancestors, but diverged to form two pou5f1 genes (pou2 and Oct-3/4) only in the lineage leading to amniotes (Frankenberg et al., 2010) . In this hypothesis, one of the two pou5f1 genes was lost in most groups of tetrapods, and only marsupials and monotremes still retain the two genes.
The activities of nonmammalian genes were examined in mouse ES cells, demonstrating that these factors could substitute for Oct-3/4 in self-renewal of ES cells (Morrison and Brickman, 2006; Lavial et al., 2007) , which is consistent with their close evolutionary relationship. In this regard, one should mention that the transient expression of pou2 in zebrafish gastrulae is regulated by retinoic acid (RA) and an autoregulatory mechanism (Parvin et al., 2008) , as was shown for Oct-3/4 (Niwa, 2007; Schoorlemmer et al., 1994) , corroborating the functional conservation between pou2 and Oct-3/4.
Despite monophyletic evolution, however, the functions of class V POU factors appear to be diverged. Indeed, the potency of self-renewal supporting activities in ES cells significantly differed among the class V genes examined and zebrafish pou2 compensated little for Oct-3/4, rendering the relationship among class V POU genes enigmatic (Lavial et al., 2007; Morrison and Brickman, 2006; Niwa et al., 2008) . Although little is known regarding the functions of Oct-3/4 in the later development of mice, except for its role in PGC development, several roles have been suggested for the class V POU genes of other vertebrates. In zebrafish, mutant embryos lacking functional pou2, which is called spiel-ohne-grenzen (spg) (Schier et al., 1996) , lack the isthmic structure at the midbrain-hindbrain boundary (MHB), as well as a normally patterned hindbrain, implicating pou2 in brain development (Belting et al., 2001; Burgess et al., 2002; Hauptmann et al., 2002; Reim and Brand, 2002) . Subsequently, spg phenotypes were examined in various developmental aspects. Although maternal spg (M-spg) showed few distinct phenotypes, maternal-zygotic spg (MZ-spg) mutants exhibited various early defects, such as a lack of the endoderm, gastrulation defects, and extensive dorsalization (Lunde et al., 2004; Reim and Brand, 2006; Reim et al., 2004) , suggesting pleiotropic roles for pou2 throughout development, including regulation of differentiation and patterning. The functions of Xenopus class V POUs in embryos were extensively examined by mRNA injection, showing that they suppressed the formation of the mesoderm and endoderm (Cao et al., 2004 (Cao et al., , 2006 (Cao et al., , 2007 . As mentioned above, in mice, Oct-3/4 is broadly expressed in the epiblast, including the neuroectoderm, similar to nonmammalian class V genes (Ovitt and Schö ler, 1998; Pesce et al., 1998) . In addition, overexpression disrupts the mouse MHB region (Ramos-Mejía et al., 2005) , suggesting a conserved function of class V POU genes in the early phase of brain formation. Xenopus class V POUs have also been implicated in the formation of the MHB region (Morrison and Brickman, 2006) .
Although the roles of class V genes so far identified show limited similarities and no unifying scheme has been established regarding their functions in vertebrates, considering the evolutionary relationship as well as the partial similarities of known functions and expression patterns, these genes likely share regulatory roles in the development of vertebrates, including mammals. The functional analysis of pou2 in zebrafish, which is an excellent model for molecular/genetic studies of development and for which much information exists regarding this gene, will certainly provide important insights into the regulation of vertebrate development by class V POU genes. As described above, however, pou2 functions have been explored mainly using spg mutants and few gain-of-function (GOF) experiments have been conducted. In addition, when and how pou2 works in these developmental events is unknown, making conditional modification of pou2 function essential to answering these questions.
In the present study, we overexpressed wild-type and genetically modified pou2 using mRNA injection and a heatinducible promoter. Our data suggest that pou2 functions as a regulator of dorsoventral (DV) patterning and convergent extension (CE) movement in zebrafish development at distinct stages. We further temporally dissected the critical stages for additional pou2 functions in embryos.
Results

2.1.
Overexpression of wild-type and modified pou2 genes by mRNA injection
The functions of pou2 in zebrafish development have been examined mainly by analyzing the anomalies observed in Mand/or Z-spg mutants, whereas overexpression of pou2 by mRNA injection reportedly gave rise to little or minor defects (broadening of the neural plate and blisters in the trunk) (Takeda et al., 1994; Belting et al., 2001 ). An active and repressive form of pou2 was recently reported to cause ventralization and dorsalization, respectively, by mRNA injection (Belting et al., 2011) , although the activity of wild-type pou2 was not addressed directly. In the present study, we first sought to reexamine the effects of wild-type pou2 as compared with those of active and repressive pou2 by mRNA injection.
We thus constructed a fusion gene series for activated forms of Pou2 in which the activation domain of the herpes simplex virus VP16 protein (VP16) was fused to the N-termini of deleted Pou2s (Pou2DN, Pou2DC, and Pou2DNC), and a series for repressive forms of Pou2 that were fusions of an Engrailed repressor domain (EnR) and deleted Pou2s. In our preliminary experiments, injection of mRNA for vp-pou2DNC and en-pou2DN led to the strongest effects in zebrafish embryos compared to the other modified pou2 genes, and we focused on these two fusion genes in the following experiments (hereafter referred to as vp-pou2 and en-pou2, respectively; Fig. 1A ). Mouse Oct-3/4 overexpression was conducted as well, since although pou2 is considered its close homologue, or orthologue, their established roles in embryogenesis are strikingly different and direct comparison of their functions in development was required for understanding the roles of class V POU factors in vertebrate development.
Overexpression of pou2, vp-pou2, and Oct-3/4 by mRNA injection at a low dose (30 pg/embryo) resulted in mutually similar effects. They caused a flat anterior neural plate at the bud stage (Figs. 2A-D and S1C) and a smaller head at 28 h post-fertilization (hpf). The intermediate cell mass (ICM) was expanded at the latter stage, while the notochord was missing S1E) . ICM is the hematopoietic tissue in early zebrafish embryos and its expansion is typically seen in ventralized embryos . Among the three genes, vp-pou2 elicited the most striking effects both in the ratios among embryos and the extent of anomalies (Figs. 2M, S1C, E).
In contrast, en-pou2-expressing embryos were elongated extensively along the animal-vegetal (AV) axis at the bud stage (Figs. 2E, S1C), and the posterior structures (trunks and tails) were severely disrupted at 28 hpf (Figs. 2O, S1E), which is often associated with dorsalized embryos Stachel et al., 1993) . en-pou2-expressing embryos showed high rates of death by 28 hpf (Fig. S1E) , which was probably attributable to severe dorsalization (Stachel et al., 1993) . Notably, enpou2 often affected epiboly before elongation became apparent (Figs. S1A, B, S2), suggesting that en-pou2 disturbs earlier events such as mesendodermal specification.
The expression of brain regional markers, such as otx2 in the anterior brain, six3b in the forebrain, pax2a around the MHB, egr2b/krox20 in the hindbrain (r3 and r5), and hoxb1b in the posterior neural plate, was reduced in bud-stage embryos expressing pou2, vp-pou2, and Oct-3/4, whereas en-pou2 caused extensive ventral expansion of these neural markers ( Fig. S3A-J) . The expression of gata1a and tbx6/tbx24 in the ICM was augmented at 25 hpf in embryos overexpressing pou2, vp-pou2, and Oct-3/4, whereas it was significantly reduced by en-pou2 (Fig. S3K-T) . Again, among pou2, vp-pou2, and Oct-3/4, vp-pou2 elicited the most significant effects. Thus, the morphological features and the expression of neural and hematopoietic markers showed that pou2 and vp-pou2, in addition to mouse Oct-3/4, function as ventralizing factors, whereas en-pou2 has a dorsalizing effect.
When mRNA for different pou2-related genes was injected at a high dose (90 pg/embryo), pou2, vp-pou2, and Oct-3/4 caused mutually similar phenotypes that were significantly different from that caused by low-dose mRNA. Specifically, the anterior movement of the neural plate was incomplete and failed to reach the animal pole at the bud stage and the anteroposterior extension of the body was affected, leading to a shorter body length, with somites broadened and deformed at 28 hpf (Figs. 2F-I, P-S, S1D, F). These anomalies were reported for embryos that were deficient in CE movement (Solnica-Krezel, 2006; Wallingford et al., 2002) . Unexpectedly, high-level en-pou2 overexpression also exerted indistinguishable effects in that CE movement was affected at the bud stage and 28 hpf (Figs. 2J, T, S1D, F). Thus, all the four pou2-related genes affect CE movement when administered at a relatively high dose.
2.2.
DV patterning and CE movement in earlier embryos overexpressing pou2-related genes To further confirm if pou2-related genes affect DV patterning in zebrafish embryos, the expression of dorsal and ventral marker genes was examined in early gastrulae injected with low-dose mRNA (30 pg/embryo). At 50% epiboly to the shield stage, the expression of the dorsal organizer genes chordin (chd) and goosecoid (gsc) (Fig. S4B , G) in the shield was reduced in extent in embryos overexpressing pou2, whereas ventral marker expression (bmp2b and eve1; Fig. S4L , Q) expanded ventrally. Injection of vp-pou2 mRNA showed similar but stronger effects (64-77%) compared to pou2 (46-58%) on DV marker expression (Fig. S4C , H, M, R), whereas en-pou2 again showed reverse effects. Specifically, en-pou2 expanded dorsal marker expression and reduced the size of the domain of ventral markers (Fig. S4E , J, O, T). Mouse Oct-3/4 showed effects indistinguishable from those of pou2 on the expression of DV marker genes (Fig. S4D, I , N, S). These data collectively confirmed the previous proposal that pou2 has ventralizing activity and that Pou2 likely functions as a transcriptional activator in DV patterning. In addition, the effects of Oct-3/4 and pou2 on embryos were indistinguishable, suggesting that their functions are conserved between teleosts and mammals.
The molecular effects of high-dose pou2-related gene mRNA was then examined at the bud stage, again showing that all pou2-related genes (pou2, vp-pou2, en-pou2, and Oct-3/ 4) affected CE movement. The axial mesoderm structure became thicker and shorter, as shown by ntl expression in the notochord (Fig. 3A-J) , and ctsl1b/hgg1 expression in the prechordal plate did not reach the animal pole (Fig. 3F-J) . dlx3a expression at the contour of the neural epithelium and the expression of regional neural markers, such as six3b, pax2a, and krox20, broadened with incomplete anterior extension, showing CE defects in the neural plate ( Fig. 3K-T) . Taken together, these findings implicate pou2 and mouse Oct-3/4 for the first time in CE movement. Interestingly, the effects of high-dose mRNA for pou2 and pou2-related genes on DV marker genes were indistinguishable from those of low-dose mRNA at early stages; pou2, vp-pou2, and Oct-3/4 ventralized embryos, whereas en-pou2 elicited dorsalization (Fig. S5) . The effects of pou2-related genes on seemingly distinct and unrelated developmental processes (CE movement and DV patterning) will be discussed below.
Pou2 functions as a transcriptional activator in cultured cells
To further confirm the biochemical activities of Pou2, we examined the effects of pou2 and its modified genes in HEK293T cells on the transcriptional activities of the Luc-2.2 reporter, in which pou2 upstream DNA drives transcription depending on four octamer sequences (Parvin et al., 2008) . Wild-type pou2 and Oct-3/4 significantly activated Luc-2.2 and vp-pou2 showed much higher enhancing activities, whereas en-pou2 abrogated Luc-2.2 expression (Fig. 4) . Furthermore, these effects of pou2-related genes were reduced when the four octamer sequences were absent (LucD4OS). These results showed that Pou2 functions as a transcriptional activator, as suggested above and in previous reports.
2.4.
Establishment of a transgenic (Tg) fish line harboring an inducible form of en-pou2
The involvement of pou2 in DV patterning was previously reported based on the analyses of M-and/or Z-spg mutants (Reim and Brand, 2006) and the effects of mRNA injection (Belting et al., 2011) . In the present study we further showed that pou2 is also involved in CE movement. However, both mRNA-mediated overexpression and mutant analyses were (C) Identification of the HEP-containing transgenic (Tg) fish by detecting the transgene sequence using PCR in offspring embryos followed by agarose gel electrophoresis (arrow). 1, Phage lambda DNA digested by HindIII, used as size markers; 2, PCR product obtained using the HEP construct as a template; 3, PCR product obtained by genotyping of offspring embryos from HEP Tg fish. (D) HEP Tg embryos were exposed to heat shock for 1 h (9 hpf) and examined 1 h later (bud stage) for the expression of pou2 by whole-mount in situ hybridization. When embryos were not exposed to high temperature (-heat shock), the endogenous pou2 expression alone was detected, whereas heat treatment induced pou2 expression throughout the embryo (+heat shock). Scale bar, 200 lm.
unable to specify when pou2 was involved in these developmental processes. This question prompted us to establish an induction system allowing for the repression of pou2 in a conditional manner. We thus placed a heat-shock promoter upstream to en-pou2 and introduced this inducible en-pou2 (hereafter referred to as HEP; Fig. 1B ) into the zebrafish germ line. Polymerase chain reaction (PCR) confirmed integration of HEP into the genome (Fig. 1C) and HEP was efficiently induced ubiquitously in Tg embryos when treated at 37°C for 30-60 min (Fig. 1D ). The same treatment gave rise to morphological anomalies and/or death in less than 3% of wild-type embryos (data not shown). Throughout the following ) were mated with wild-type fish and the resultant embryos were given heat shock at different developmental stages and their phenotypes were examined. Among the embryos obtained, half were expected to harbor HEP heterozygously. Since pou2 is expected to encode a transcriptional activator, HEP induction likely suppresses endogenous pou2 function by repressing the expression of pou2 target genes.
Stage-specific effects of HEP induction on zebrafish development
When HEP was induced at the sphere stage (4 hpf, midblastula), embryos were extensively elongated at the bud stage along the AV axis in about half of the treated embryos (47%, n = 79), which was approximately the expected ratio of HEP-positive embryos ( Fig. 5C -F, Table 1 ). No elongation was observed by earlier HEP induction (high to oblong stage, 3.5 hpf), whereas similar elongating effects were observed, but at lower rates, when HEP was induced after the sphere stage (dome stage, 4.3 hpf; 30% epiboly, 4.7 hpf), showing that the sphere stage is the most sensitive stage in terms of the elongation phenotype (Table 1 ). The majority of elongated embryos died (33%, n = 79) by 26 hpf and a small portion of embryos (12%) lived with a dorsalized phenotype (posterior defects) (Fig. 5G, H) . Genotyping confirmed that elongation depended on the presence of HEP in the genome and that HEP-negative (HEP À/À ) embryos were never elongated (Fig. 5I) . Later HEP induction resulted in different phenotypes, such as defects in CE movement (see below), lack of isthmic formation at the MHB, heart edema, and tail defects, depending on the induction stages (Khan et al., in press ). These phenotypes also depended on the presence of HEP in the genome.
To determine whether the observed elongation actually represented dorsalization, we examined dorsal marker expression in the bud-stage embryos from crosses between wild-type and HEP +/À fish after heat treatment at the sphere stage. The following effects were observed in about half of the treated embryos (Fig. 6 , HEP-HS) with the remaining embryos being normal (Sibling-HS). The expression of otx2, hoxb1b, six3b, pax2a, and krox20 in the neural plate was significantly expanded ventrally in treated embryos ( Fig. 6A-H) . The notochord, which was marked by ntl expression, and the neural plate, contoured by dlx3a expression, became thicker, and pcdh8/papc expression in the paraxial mesoderm expanded ventrally ( Fig. 6I -P, I 0 -P 0 ). Notably, the prechordal plate, marked by the expression of gsc and ctsl1b, reached the expected position, showing normal extension of the body axis. The expression of these markers was not affected by heat treatment in wild-type embryos (Wild-HS). Thus, the suppression of pou2 function dorsalizes embryos at the sphere stage. Meanwhile, HEP induction at an earlier stage (high to oblong stage) caused epiboly arrest ( Fig. 5A and B, Table 1 ), which was consistent with the similar defects observed when injected with en-pou2 mRNA. upstream DNA includes four octamer sequences (OS1-4), which were all disrupted in LucD4OS. B. Luciferase assays showing the effects of pou2-related genes on the regulatory activities of the pou2 upstream DNA. Luc constructs were co-transfected with effector genes in pCS2+, which were driven by the cytomegalovirus enhancer. Firefly luciferase activities in respective samples, which were normalized by Renilla luciferase activities, are shown relative to the Luc-2.2 expression for which pCS2+ alone was added instead of the effector genes. Black and gray rectangles represent relative luciferase activities of Luc-2.2 and LucD4OS, respectively. Vertical bars represent standard errors of the means.
HEP induction elicited severe dorsalization
We then examined the expression of early DV markers in HEP-induced embryos, again observing the following effects in about half of the treated embryos (Figs. 7, S6; HEP-HS) with the remaining embryos essentially normal (Sibling-HS). At 50% epiboly, immediately after 1-h heat shock that was initiated at the sphere stage, the expression of gsc, chd, squint (sqt), and dharma/bozozok expanded ventrally, whereas ventral markers bmp2b, even-skipped-like1 (eve1), and vox were downregulated. The same heat treatment did not affect the expression of the marker genes in wild-type embryos (Wild and Wild-HS; Fig. 7 ). Based on genotyping, the embryos with normal and enhanced expression of gsc, as well as normal and reduced expression of eve1, completely coincided with the absence and presence, respectively, of the HEP transgene (Fig. 5I) , confirming that the heat treatment effects depended on HEP induction. Heat induction at a slightly later (dome) stage elicited much weaker effects on DV patterning genes in less than a third of treated embryos and little dorsalization Fig. S7 ). This temporal sensitivity difference coincided well with that based on the morphological phenotypes described above. Collectively, HEP (en-pou2) strongly dorsalizes embryos when induced at the midblastula stage (sphere stage).
As rescue experiments, embryos obtained by crosses between HEP +/À fish and wild-type fish were injected with egfp or pou2 mRNA at the one-cell stage and subjected to heat shocks at the sphere stage. Here, to avoid the effect of pou2 mRNA on CE movement, a relatively low dose mRNA (30 pg/ embryo), which was expected to elicit ventralization, was employed. When HEP was induced, eve1 was significantly downregulated in about half of the embryos expressing egfp (53%, n = 30) (asterisk, Fig. 8O , O 0 , Table 2 ) as stated above. In contrast, in heat-treated embryos injected with pou2 mRNA, many embryos showed ventrally expanded expression (36%, n = 33)( Fig. 8P , P 0 ), normal expression (21%), or weakly reduced expression (36%) (Fig. 8Q , Q 0 ) of eve1, whereas only a small portion of embryos showed significantly reduced expression (6%, n = 33) (asterisk, Fig. 8R , R 0 , Table 2 ). Embryos with weakly reduced eve1 expression (+) were positive for HEP, showing that eve1 expression was partially restored by pou2 overexpression despite the presence of HEP (Fig. 5J) . Meanwhile, the ratios of embryos with expanded dorsal gene expression (gsc, 48%, n = 23; chd, 46%, n = 28), characteristically induced by HEP (Figs. 7A-H and 8C, I ), were reduced by pou2 mRNA injection (gsc, 4%, n = 28; chd, 7%, n = 27) (asterisks, Fig. 8F , L, Table 2 ). Collectively, these data showed that HEP-dependent dorsalization was rescued by pou2 overexpression, confirming that this HEP effect depends on its specific antagonizing effect on endogenous pou2.
2.7.
HEP induction affected CE movement at 30% epiboly
Since overexpression of pou2-related genes by mRNA injection at a high dose affected CE movement, we sought to define the stage at which pou2 plays a role in CE movement. When HEP was induced at 30% epiboly (4.67 hpf, late blastula), anterior extension of the body axis was affected, leading to a shorter body length in a portion of the embryos (data not shown). Thus, marker expression was further examined at the bud stage. Expression of the regional markers in the neural plate and dlx3a at the contour of the neural area expanded Embryos in the third column showed normal patterns (Sibling-HS), whereas those in the rightmost column showed abnormal expression (HEP-HS). The number of embryos with abnormal expression and total embryo number are shown at the bottom of the respective panels in the HEP-HS column. For the control, gene expression was examined in parallel in wildtype embryos that were untreated (left column, Wild) or treated with heat shock (second column, Wild-HS). Scale bar, 200 lm.
laterally in about half of the treated embryos (HEP-HS) with the remaining embryos being essentially normal (Sibling-HS) (Fig. 9A-L) . pcdh8 expression in the paraxial mesoderm also expanded in about half of the treated embryos ( Fig. 9M -P, HEP-HS). The anteroposterior extension of the neural area was also affected, as can be seen for the anterior boundary of otx2, six3b, and dlx3a expression. Additionally, ctsl1b and gsc expression in the prechordal plate failed to reach the animal pole (Fig. 9K , L, O, P; HEP-HS). Although lateral expansion of dorsal marker expression could also be due to dorsalization, HEP induction at 30% epiboly only weakly caused embryo elongation (Table 1 ) and rarely produced radially symmetrical expression of DV markers at the bud stage (data not shown). Indeed, the same HEP induction did not affect DV marker expression at the shield stage (Fig. S7) , confirming that the HEP effects on late blastulae can be discriminated from those on midblastulae. Meanwhile, it caused a failure in anterior extension of the axial structures, arguing against possible dorsalization. Genotyping confirmed that CE defects depended on the presence of HEP (Fig. 10A) . Overall, repression of Pou2 function at 30% epiboly strongly affected CE movement. When HEP was induced at the dome (4.3 hpf) or shield (6 hpf) stage, similar CE defects were observed, but at lower rates (data not shown). These data show that 30% epiboly is the most sensitive stage regarding the HEP effect on CE movement. We conducted rescue experiments to test whether HEP-induced CE defects are due to pou2 suppression. Embryos from crosses between HEP +/À and wild-type fish were divided into two groups: one group of embryos was injected with pou2 mRNA and the other group was injected with egfp mRNA. These embryos were then subjected to heat shock at 30% epiboly and marker gene expression was examined. A low dose of mRNA (30 pg/embryo) was employed to avoid the strong effect of pou2 mRNA on CE movement,. About half of the egfp-expressing heat-treated embryos showed CE defects ( Fig. 11 ; WT · HEP +/À ), as described above. When pou2 mRNA was injected and embryos were heat-treated, the rate of CEaffected embryos decreased significantly from 42% to 17% (ctsl1b, dlx3a, and ntl) or from 46% to 10% (six3b, pax2a, and Embryos from crosses of wild-type and HEP +/À transgenic (Tg) fish were exposed to heat shock at the sphere stage for 1 h, allowed to develop at a lower temperature to 50% epiboly, and then examined for the expression of DV patterning genes (right two columns). Embryos in the third column showed normal patterns (Sibling-HS), whereas those in the rightmost column showed expanded (D, H, L, P) or reduced (T, X) expression (HEP-HS). The numbers of embryos with abnormal expression and total numbers of embryos examined are shown at the bottom of the respective panels in the HEP-HS column. For the control, gene expression was examined in parallel in wild-type embryos that were untreated (left column, Wild) or treated with heat shocks (second column, Wild-HS). Scale bar, 200 lm. krox20) (Fig. 11 , WT · HEP +/À + pou2 mRNA). Genotyping showed that even HEP-positive embryos showed normal CE movement despite heat induction (data not shown). Thus, the CE defects were rescued by pou2 overexpression, indicating that the HEP effect on CE movement was due to specific suppression of endogenous pou2.
wnt11 might be involved in the regulation of CE movement by pou2
To identify the direct target genes of pou2 with respect to CE movement, we examined the effects of HEP induction on genes that have been implicated in CE movement, such as wnt5, wnt11, and glypican 4/gpc4 (see Section 3). We found that wnt11, but not wnt5 or gpc4, was upregulated immediately after heat shock at 50% epiboly in half of the treated embryos (Fig. 10C, HEP-HS) . All upregulated embryos harbored HEP, whereas unaffected embryos did not (Fig. 10B ). In addition, we observed that overexpression of pou2, vp-pou2, en-pou2, and mouse Oct3/4 by high-dose mRNA injection also upregulated wnt11 expression (data not shown). Together these observations suggest that wnt11 might be involved in the regulation of CE movement by pou2.
Discussion
Complexity in the roles of class V POU factors as regulators of diverse developmental events in vertebrates
The functions that were first shown for Oct-3/4, such as supporting self-renewal of immature stem cells, seem to be 30 pg/embryo; fourth to sixth column), exposed to heat shock at the sphere stage, and allowed to develop at lower temperature to the shield stage, at which time they were examined for the expression of DV patterning genes. For the control, wild-type embryos (WT) were stained likewise (leftmost column). Embryos expressing egfp showed either normal (second column) or abnormal expression of DV patterning genes (asterisks, third column). The abnormal expression can be ascribed to HEP induction. When pou2 mRNA was injected in advance, the ratios of embryos showing HEP-dependent effects (asterisks) were greatly decreased (rightmost column). ±, +. ++. +++, ++++, see the footnotes for Table 2 . shared by the class V POU genes from nonmammalian vertebrates, including Xenopus and chickens (Lavial et al., 2007; Morrison and Brickman, 2006) . In addition, functional analyses of the Xenopus genes suggested that they might contribute to the maintenance of the undifferentiated state of embryonic cells (Cao et al., 2004 (Cao et al., , 2006 Morrison and Brickman, 2006) . However, the present situation with regard to our understanding of these genes is not so simple. Zebrafish pou2 failed to mimic Oct-3/4 in the self-renewal of ES cells, in contrast to the equivalents in Xenopus and chickens (Lavial et al., 2007; Morrison and Brickman, 2006; Niwa et al., 2008) . Meanwhile, pou2 was implicated in endoderm formation, DV patterning, epiboly, and brain development; however, these multiple functions have not yet been explicitly found for the cognate genes of tetrapods. We noted some discrepancies even among different reports on Xenopus genes. Overexpression of Xenopus class V POU genes promoted neural induction (Cao et al., 2006; Snir et al., 2006; Takebayashi-Suzuki et al., 2007) , which is apparently contradictory to the hypothesis that these contribute to the undifferentiated state of embryonic cells, whereas one report, however, showed that Oct25 suppressed neural development as revealed by defective neural structures and downregulation of N-CAM (Cao et al., 2004) . One possible reason for this confusing situation may be attributable to gene duplication. The ancestral gene corresponding to teleost pou2 was likely duplicated early in the lineage leading to tetrapods (Frankenberg et al., 2010) . Furthermore, it is probable that a class V gene was additionally duplicated in Xenopus to as many as three genes, and functional division of labor could have occurred among the duplicated genes. These duplication events could result in complicated relationship among different class V POU genes. Meanwhile, knowledge regarding zebrafish pou2 is based on the analysis of spg mutants (loss-of-function, LOF), whereas Xenopus studies employed mRNA injection (GOF), which made direct comparison impossible. Furthermore, both mRNA injection and mutant analyses are unable to temporally dissect sequential events during development and do not show when the genes of interest actually function in embryos. This issue should be addressed by using conditional GOF/LOF experiments.
In the present study, we first conducted GOF experiments by mRNA injection in zebrafish, as was conducted in Xenopus. We directly showed that pou2 affects DV patterning and CE movement, and that Pou2 functions as a transcriptional activator. Furthermore, we established a Tg line harboring an inducible form of repressive pou2 and conducted conditional suppression of the endogenous pou2 functions in embryos, suggesting multiple roles for this gene at different developmental stages. Here, we mainly focus on the roles of pou2 in DV patterning and CE movement. 
Effects of pou2 overexpression by mRNA injection on early embryogenesis
Previously, pou2 mRNA injection was considered to elicit little or only marginal effects on embryos (Belting et al., 2001; Takeda et al., 1994) and these effects have not been examined in detail. Here, we noticed different effects of mRNA injection on early development, depending on the dose of mRNA. At a low dose, pou2-expressing embryos showed reduced heads, lack of notochords, and expanded hematopoietic regions, which are characteristic of ventralized embryos . Indeed, during epiboly and the bud stage, the expression of ventral markers expanded, whereas dorsal gene expression was reduced in extent. At a high dose, however, axis elongation was incomplete, leading to a shorter body length with broadened somites. The expression of regional markers confirmed that CE movement was significantly affected.
Thus, pou2 regulates DV patterning as a ventralizing factor at low doses, but it is involved in CE movement at higher doses. Dose-dependency of the overexpression effect has also been described for Oct-3/4 in ES cells (Niwa et al., 2000) and Xenopus Oct25/91 in mesoderm formation (Ito et al., 2007) , and the presence of thresholds for different functions may be a common feature of class V POU genes. In this regard, the result that low-dose vp-pou2 did not cause CE defects suggests that the critical factor is the dose of Pou2, not the intensity of Pou2 activity. Considering our finding that high-dose pou2-related gene mRNA also affected DV patterning similarly to low-dose mRNA, it is likely that the early effects of mRNA on DV patterning are overridden by the later effects (CE defect). Indeed, HEP induction experiments showed that pou2 is involved in DV patterning at the midblastula stage (sphere stage) and in CE movement at later stages (late blastula). Thus, although embryos are ventralized at an early stage, they could be further affected in terms of CE when a high dose of Pou2 is present.
3.3.
Pou2 protein functions as a transcriptional activator during zebrafish embryogenesis pou2 was previously suggested to be a transcriptional activator; however, this was based on the findings that the MZspg phenotype was rescued by active forms of pou2 and has not directly been confirmed (Belting et al., 2011; Lunde et al., 2004) . In the present study, we showed that the effect of both vp-pou2 and wild-type pou2 at a low dose is ventralization. Importantly, the vp-pou2 effects were significantly higher compared to the wild-type gene; similar enhancement by the VP16 domain was also observed for mouse Oct-3/4 (Hammachi et al., 2012). In contrast, the repressive form of Pou2 significantly dorsalized embryos morphologically and molecularly. The activated form of Xenopus Oct91 had effects similar to those of wild type Oct91 on mesoderm and endoderm differentiation (Hammachi et al., 2012) . Taken together, we have directly revealed that endogenous pou2 functions as a ventralizing factor by activating target genes and that En-pou2 likely counteracts the functions of endogenous Pou2. This conclusion was strengthened by the finding that the induction of HEP (en-pou2) recapitulated the MZ-spg phenotypes, such as dorsalization, epiboly arrest, and isthmic defects. Furthermore, we directly confirmed the transcriptional activator function of Pou2 for the first time using cultured cells.
Note that both transcriptional activators (Pou2 and VPPou2) and a repressor (En-Pou2) affect CE movement when strongly overexpressed. In this regard, some CE regulator Fig. 11 -pou2 overexpression rescues the effects of HEP induction at 30% epiboly. Embryos from crosses of wild-type (WT) and HEP +/À transgenic (Tg) fish were injected with egfp (second and third column) or pou2 mRNA (low dose, 30 pg/embryo; fourth and fifth column), exposed to heat shock at 30% epiboly, and allowed to develop until the bud stage at a lower temperature, at which time they were examined for marker expression. For the control, wild-type embryos (WT) were similarly stained (leftmost column). About half of the offspring embryos injected with egfp mRNA showed CE defects (third column). When pou2 mRNA was injected in advance, the ratio of embryos showing HEP-dependent effects was greatly decreased (rightmost column).
genes are known to affect cell movement when both overexpressed and downregulated (Wallingford et al., 2002) . pou2 is likely another example; however, the mechanism still needs to be addressed.
Pou2 functions as a ventralizing factor in midblastulae
HEP induction at different stages demonstrated that pou2 suppression at the sphere (midblastula) stage specifically dorsalizes embryos as revealed morphologically at the bud stage (elongation) and the pharyngula stage (bustled embryo) (Stachel et al., 1993) . These results were further confirmed by DV marker gene expression. Dorsalization took place only when embryos harbored HEP, and the dorsalized phenotypes, such as elongation at the bud stage, downregulation of eve1, and expansion of chd/gsc expression, were efficiently rescued by pou2 mRNA injection, arguing that Pou2 functions as a ventralizing factor in midblastulae.
The gene network regulating DV patterning has been extensively examined in zebrafish. The organizer region was established by the expression of the dorsal specific homeobox gene dharma under regulation by maternal b-catenin (Yamanaka et al., 1998; Fekany et al., 1999; Shimizu et al., 2000) . In late blastulae (40% epiboly), Dharma inhibits bmp2b and three ventral homeobox genes, vox, vent, and ved. Vox and Vent act redundantly to drive ventralization by repressing two dorsal genes, chd and gsc. At this developmental stage, bmp2b activates ved, which negatively regulates dharma expression (Shimizu et al., 2002; Gilardelli et al., 2004) . During early and midgastrulation, bmp2b is inhibited by dorsal factors, such as Chordin and Goosecoid. Bmp2b activates itself through a positive feedback loop and promotes the expression of other ventral factors, including Vox and Vent, which repress chd and gsc. Furthermore, specific negative interactions among the three vox/vent/ved genes contribute to the establishment of the DV axis in the embryo (Gilardelli et al., 2004; Imai et al., 2001; Leung et al., 2003; Shimizu et al., 2002) . The previous study using MZ-spg suggested that pou2 functions in a cell-autonomous manner in the ventral region (Reim and Brand, 2006) and that vox is probably the direct target gene of pou2 (Belting et al., 2011) . However, it has been suggested that the redundant function of vox and vent is not vital at the sphere stage but is required to prevent ventral expansion of dorsal gene expression at the late blastula stage (40% epiboly) (Imai et al., 2001) . The expression of vox, vent, and ved becomes restricted to the ventral region after the sphere stage (Gilardelli et al., 2004; Shimizu et al., 2002) . In addition, the importance of the Bmp activity gradient for DV patterning becomes apparent only at the late blastula stage in zebrafish (Nikaido et al., 1997) . Thus, the critical stage for the function of these ventralizing factors has yet to be defined.
In the present study, we found that pou2 is involved in DV patterning at the sphere stage. Of note, pou2 is required transiently and irreversibly for determination of the DV axis at this midblastula stage. Indeed, the competence to Wnt signaling in terms of dorsalization is high during cleavage and lost by the sphere stage (Stachel et al., 1993) . By this stage, dorsal expression of important dorsalizing genes, such as dharma, gsc, and chd, is activated (Imai et al., 2001 ) and Dharma becomes functional (Leung et al., 2003) . We further showed that dharma activation occurred immediately after HEP induction together with repression of bmp2b and vox (Figs. 7, S6) . Thus, except for activating ventral genes (Reim and Brand, 2006; Belting et al., 2011) , pou2 might also activate unknown repressors of dorsal genes.
The roles of class V POU genes as ventralizing factors in embryos have not been clearly shown in other vertebrates. Rather, Xenopus Oct25/60/91 were shown to promote induction of the neural regions, which usually represent the dorsal structure. However, this may be due to a complex situation with regard to mRNA injection. Indeed, a recent study using a dominant-negative form of Oct25 gave rise to a secondary axis and augmented the expression of dorsal genes (Cao et al., 2010) . Thus, DV patterning is likely to be another example of functional conservation for the class V POU genes.
pou2 is required for CE movement through wnt11 regulation
The basic vertebrate body plan is established during gastrulation by a series of coordinated cell movements, referred to as CE movement (Solnica-Krezel, 2006; Wallingford et al., 2002) . During this process, embryonic cells migrate dorsally, polarize and elongate along the mediolateral axis, and intercalate toward the midline, leading to anterior-posterior extension of the embryonic axis.
In the present study, we unexpectedly found that pou2 overexpression and HEP induction affected CE movement, showing for the first time that class V POU genes are involved in regulating this morphogenesis process. It has been briefly described that extension of the notochord and neuraxis is incomplete in MZ-spg embryos, which might suggest that CE defects does occur in pou2 mutants as well (Lunde et al., 2004) . CE movement depends on a variety of signal transduction systems. Analyses in zebrafish and Xenopus embryos have revealed that CE movement is regulated by the non-canonical Wnt signaling pathway (Solnica-Krezel, 2006; Roszko et al., 2009) . Especially, the Wnt/Planar Cell Polarity (Wnt/PCP) pathway is a key regulator of CE movement and is essential for several polarized cell behaviors. Zebrafish mutants for the Wnt/ PCP pathway components, such as pipetail (ppt) for wnt5, silberblick (slb) for wnt11, and knypek (kny) for glypican 4 (Heisenberg et al., 2000; Kilian et al., 2003; Topczewski et al., 2001) , suffer from severe CE movement. The suppression of wnt11 transcription by Jnk activation was shown to be important for the precise regulation of vertebrate CE (Seo et al., 2010) . wnt5 regulates cell elongation and CE movement in the posterior region, whereas its functions in the more anterior region are largely redundant to that of wnt11 (Kilian et al., 2003) .
Here, we showed that wnt11 expression was significantly upregulated immediately after HEP induction, whereas wnt5 and gpc4 expression was not affected. It should also be mentioned that DV markers were unaffected as well by HEP induction. Interestingly, overexpression of both activated and repressive pou2 upregulated wnt11 expression. Thus, pou2 likely contributes to correct CE movement by regulating the appropriate wnt11 expression level. Since CE movement requires additional regulatory factors and signal transduction systems (Solnica-Krezel, 2006; Roszko et al., 2009), pou2 may also regulate CE movement by regulating other factors, which could be revealed by a comprehensive analysis of the genes under regulation by HEP at 30% epiboly.
3.6.
The conditional pou2 suppression system established here will provide valuable information on the pleiotropic functions of class V POU genes in vertebrate development
We established an excellent experimental system that allows for temporal dissection of the roles of pou2 throughout development. The HEP Tg fish developed in this study can be used to suppress endogenous pou2 at desired stages, facilitating the analysis of stage-specific pou2 functions in embryos. HEP elicited a variety of different effects besides dorsalization and CE defects, depending on the induction stage; HEP elicited epiboly arrest at the high to oblong stage and multiple anomalies, such as isthmic defects, heart edema, and tail bending, at the late epiboly-early somite stage (Khan et al., in press ). At least some of these defects coincide well with those of MZ-spg (epiboly arrest, dorsalization, isthmic defect, and bent tails), confirming the specificity of the HEP effects (Belting et al., 2001; Burgess et al., 2002; Lunde et al., 2004; Brand, 2002, 2006; Reim et al., 2004) . The restriction to particular developmental stages, in terms of the embryonic competence to different HEP activities, shows that the distinct regulatory functions of pou2, which were suggested in this study at different developmental stages, are mutually independent.
Since the effects of pou2 mRNA were limited despite its essential role revealed in the present study, we assume that pou2 is a permissive factor, as suggested previously (Belting et al., 2001) , and needs to function in conjunction with other more specific and instructive factors. Indeed, mouse Oct-3/4 functions cooperatively with Sox2 in ES cells and early embryos in the transcriptional gene regulation required for the maintenance of the undifferentiated stage (Niwa, 2007) . In zebrafish, pou2 has been shown to function with a sox gene, cas/sox32, to regulate sox17 and to promote endoderm development (Reim et al., 2004) . The addition of an activating domain (vp-pou2) or repressive domain (en-pou2) probably obviates dependence of Pou2 on such additional cofactors.
This conditional suppression approach in zebrafish embryos will provide valuable information about class V POUs in vertebrate development. Induction of HEP at different stages produced quite different results, suggesting that the target genes of pou2 are largely distinct. To understand the roles of pou2 in these processes, therefore, it will be important to determine the whole transcriptome induced by HEP at different stages by microarray analysis. Indeed, differences in the transcriptome will be the key to understanding the competence of the embryo to class V POU genes during development. We are now addressing the downstream genes of pou2 in zebrafish embryos to reveal the gene regulatory network in which pou2 functions as a pivotal node.
Finally, our findings suggest that the seemingly contradictory or inconsistent roles reported so far regarding the roles of class V POU genes in different vertebrate species are at least partially attributable to the experimental limitations: conventional gene targeting and overexpression of transgenes in mice, analyses of M/MZ-spg mutants (zebrafish), and mRNA injection (Xenopus and zebrafish). Our conditional inhibition of pou2 in embryos allowed temporal dissection of the gene functions, revealing distinct roles of pou2 in different aspects of embryogenesis. This idea is compatible with the orthology relationship and the results showing similar functions of pou2 and Oct-3/4 in mRNA injection experiments (this study).
4.
Experimental procedures
Fish husbandry and maintenance
Adult zebrafish (Danio rerio) were maintained at 27°C under a 14-h light/10-h dark cycle. The embryos were raised at 28.5°C to appropriate stages. Morphological features and hpf were used to stage embryos (Kimmel et al., 1995) . All the experiments using live fish complied with the protocols approved by the Committee for Animal Care and Use of Saitama University.
Constructs for pou2-related genes
The pou2 cDNA (Takeda et al., 1994) was cloned into the multicloning site (MCS) of pCS2+ (kindly donated by Dr. David Turner). Mouse Oct-3/4 cDNA was obtained from P19C6 embryonal carcinoma cells by reverse-transcription polymerase chain reaction (RT-PCR) using LA-Taq (TaKaRa) and the two primers 5 0 -GCGAATTCACCTTCCCCATGGCTGGAC-3 0 and 5 0 -GCTCTAGAGCTGGTGCCTCAGTTTGAAT-3 0 (underlines; EcoRI and XbaI sites, respectively) and subcloned into pCS2+ as well. The coding regions for Pou2 lacking the ATG codon (Pou2; +2 to +462), the N-terminal domain (Pou2DN, +240 to +462), Cterminal domain (Pou2DC, +2 to 395), and both N and C-terminal domains (Pou2DNC, +240 to +395) were amplified by PCR using pou2 cDNA (Takeda et al., 1994) as a template with LA Taq. The resultant products were cloned into the MCS of pCS2+MT (donated by Dr. David Turner).
To construct the genes for the activated and repressive forms of Pou2, the coding sequences for Pou2DNC and Pou2DN were cloned downstream of the VP16 activation domain and EnR domain in pVP16-N and pENG-N in frame (donated by Drs. M. Matsuo-Takasaki and M. Kobayashi), resulting in pCS2+ plasmids harboring a gene coding for VP16-Pou2DNC (vp-pou2) and a gene for EnR-Pou2DN (enpou2), respectively (Fig. 1A) .
The 1.5-kb heat shock promoter (hsp) from zebrafish hsp70l (previously called hsp70-4; Halloran et al., 2000) was cloned at the PstI site of pBluescriptSK-(pBS-hsp) to build a heat-inducible en-pou2 construct. The coding region for enpou2 was excised, together with the polyadenylation sequence, from the pCS2+ construct described above and subcloned into pBS-hsp at the ClaI/ApaI site, giving rise to a construct in which the fusion gene (HEP for Hsp-EnR-Pou2) was under regulation by the hsp DNA (Fig. 1B) . The structures of all prepared constructs were confirmed by sequencing.
4.3.
Injection of mRNA and plasmid DNA into embryos
To synthesize capped mRNA, we linearized template plasmids with appropriate restriction enzymes and transcribed them with SP6 RNA polymerase using the MEGAscript TM SP6 Kit (Ambion) according to the manufacturer's protocol. The mRNA was injected into single blastomeres of 1-4-cell-stage embryos, and the injected embryos were allowed to develop to the appropriate stages.
To establish Tg lines harboring HEP, embryos were co-injected with HEP DNA in addition to the egfp gene in pCS2+, which was regulated by the cytomegalovirus enhancer. The Tg embryos were established using green fluorescent protein (GFP) as a tracer, as described previously (Islam et al., 2006) .
Induction of HEP in embryos
Embryos obtained from crosses between HEP heterozygotes (HEP +/À ) Tg and wild-type fish were treated at 37°C for 1 h for heat shock and then allowed to further develop. Except during the heat treatment, embryos were raised at 25°C to avoid the possible effects of leaky transgene expression. When necessary, embryos harboring no transgene were treated exactly the same way, including heat treatment, to control for the effects of heat treatment on embryos.
4.5.
Whole-mount in situ hybridization (WMISH)
Digoxigenin (DIG)-labeled RNA probes were synthesized using T3 or T7 RNA polymerases (Stratagene) with the DIG RNA Labeling Mix (Roche Diagnostic) according to the manufacturers' protocols. WMISH was performed essentially as described previously (Kikuta et al., 2003) .
4.6.
Luciferase assay using cultured cells
The 2.2-kb upstream pou2 DNA, which drives transcription in embryos through four octamer sequences, as well as the same upstream region lacking the four octamer sequences (Parvin et al., 2008) , was ligated into the MCS of pGL4.10[luc2] (Promega) (pLuc-2.2 and pLucD4OS, respectively).
For the luciferase assay, HEK293T cells were plated into 24-well plates (2.0 · 10 4 cells/well) and cultured for 1 day. Cells were transfected with 100 ng/well Luc reporter plasmids, 50 ng/well of effector plasmids (pou2, vp-pou2, en-pou2, and Oct-3/4 in pCS2+), and 0.7 ng/well pRL-TK (Promega). The cells were further cultured for 24 h and allowed to reach 70-90% confluency. The total amount of transfected DNA was adjusted using pCS2+. Cells were solubilized in Passive Lysis Buffer (Promega) and subject to luciferase assays using the Dual Luciferase Reporter Assay System (Promega).
Genotyping of embryos from crosses between Tg and wild-type fish
Offspring from crosses between HEP +/À fish and wild-type fish were expected to be either HEP +/À or HEP -/-(wild-type sibling). To discriminate between these two groups, DNA was extracted from single embryos by incubation in 50 ll of extraction buffer (200 lg/ml proteinase K in 10 mM Tris-HCl, 10 mM ethylenediamine tetraacetic acid, pH 8.0) at 50°C for 4-8 h. The transgene (HEP) sequence, which included the EnR-and pou2-derived sequences, was amplified by PCR using two primers (Fig. 1B) : 5 0 -GGATACACGAGGAAATCGTG-3 0 and 5 0 -TGAGCTCTTTCGCAAACTGC-3 0 . A genomic sequence in zebrafish chromosome 3 was also amplified using the following two primers to control for the extraction of genomic DNA: 5 0 -GGTTTGTTCTGCATCAGATACG-3 0 and 5 0 -GCAGCTTTTGTGT CTGCTTG-3 0 .
Rescue of HEP-induced embryos
Rescue experiments were conducted to confirm that the effects caused by HEP induction were due to specific suppression of the function of endogenous pou2. Embryos obtained by mating HEP +/À fish with wild-type fish were injected with pou2
or egfp mRNA (30 pg/embryo) at the one-cell stage and then subjected to heat shock at the appropriate stages.
